Granules of waste tires were pyrolyzed under vacuum (3.5-10 kPa) conditions, and the effects of temperature and basic additives (Na 2 CO 3 , NaOH) on the properties of pyrolysis were thoroughly investigated. It was obvious that with or without basic additives, pyrolysis oil yield increased gradually to a maximum and subsequently decreased with a temperature increase from 450°C to 600°C, irrespective of the addition of basic additives to the reactor. The addition of NaOH facilitated pyrolysis dramatically, as a maximal pyrolysis oil yield of about 48 wt% was achieved at 550°C without the addition of basic additives, while a maximal pyrolysis oil yield of about 50 wt% was achieved at 480°C by adding 3 wt% (w/w, powder/waste tire granules) of NaOH powder. The composition analysis of pyrolytic naphtha (i.b.p. (initial boiling point) $205°C) distilled from pyrolysis oil showed that more dl-limonene was obtained with basic additives and the maximal content of dl-limonene in pyrolysis oil was 12.39 wt%, which is a valuable and widely-used fine chemical. However, no improvement in pyrolysis was observed with Na 2 CO 3 addition. Pyrolysis gas was mainly composed of H 2 , CO, CH 4 , CO 2 , C 2 H 4 and C 2 H 6 . Pyrolytic char had a surface area comparable to commercial carbon black, but its proportion of ash (above 11.5 wt%) was much higher.
Introduction
The disposal of waste tires is a major environmental problem (Cunliffe and Williams, 1998) . It was reported that 3.2 Â 10 6 t/yr were generated in China in 2004. Waste tires disposed in open areas demand valuable landfill space and may result in accidental fires with pollution emissions. They can also serve as a breeding ground for mosquitoes and vermin (Edward et al., 2004) ; as a result, significant attention has been paid to waste tire disposal. Pyrolysis is an environmentally friendly process that converts waste tires to flammable gas, pyrolytic oil, and carbon black (CBp), all of which are potentially recyclable. The flammable gas can provide energy for the pyrolysis process. CBp can be used as a low-grade carbon black and pyrolytic oil can be used as liquid fuel after extracting chemical materials, such as benzene, toluene, xylene, and dllimonene.
Significant research has been performed in the field of chemical recycling of rubbers by pyrolysis, including thermogravimetric analysis, fixed-bed units, fluidized bed pyrolysis units, and vacuum pyrolysis units. Chen and Qian (2003) studied the thermal degradation of waste rubber with a thermogravimetric analyzer, and the relationship between pyrolysis products and pyrolysis temperature was discussed. Brindle (2002, 2003) investigated catalytic pyrolysis of scrap tires over zeolite under atmospheric pressure to produce aromatic chemicals. Vacuum pyrolysis of waste tires was developed by C. Roy, and a series of studies has been conducted (Yang et al., 1995; Pakdel et al., 2001; Roy et al., 1999; Darmstadt et al., 1995) . To date, a small pilot plant with waste tire input of 15-20 t/h has been established by the C. Roy group. Vacuum pyrolysis had some advantages compared with atmospheric pyrolysis. First, the residence time in the reactor was shorter, which reduced undesirable reactions. Second, the yields of pyrolysis oil were higher. Third, the concentration of aromatic chemicals in the pyrolysis oil was higher, which enhanced the octane value. These findings have led to increased research interest.
Dl-limonene, benzene and derivatives are major pyrolytic oil components (Pakdel et al., 2001) . These chemical products have high value and wide industrial applications. To enhance the value of the waste tire pyrolysis process, optimal conditions should be designed to selectively produce a narrow range of hydrocarbons, such as dl-limonene, benzene and derivatives (Laresgoiti et al., 2004) .
In this paper, a type of Chinese car tire rubber was chosen as a feedstock. Pyrolysis runs at different temperatures and with different basic additives (NaOH and Na 2 CO 3 ) under vacuum conditions were conducted to selectively obtain valuable chemicals, such as dl-limonene and pyrolytic char. The pyrolysis gases were analyzed by gas chromatography (GC). The pyrolytic naphtha distilled from pyrolytic oil was analyzed by gas chromatography-mass spectrometry (GC-MS). The influence of the temperature and additives on the yields of the pyrolysis products, as well as the formation mechanism and variation of dl-limonene content in the pyrolysis oil, are discussed.
Experimental

Experimental material
Tire granules were used in all of the pyrolysis runs, which were sieved to a size range of 20-60 mesh. The elemental composition, proximate analysis and gross calorific value (GCV) of the tire granules are shown in Table 1 .
The powder of anhydrous Na 2 CO 3 and NaOH used as additives in the pyrolysis units were of C.P. grade and were manually mixed with tire granules.
Experimental apparatus and pyrolysis process
Tire granule pyrolysis was performed in a stainless steel pyrolysis reactor with an inner diameter of 32 mm and a depth of 120 mm. Several stainless steel plates were fixed in the reactor to strengthen heat transfer. A schematic diagram of the experimental apparatus is shown in Fig. 1 ; 100 g of tire granules mixed with 3.0 g of additives were loaded in the reactor and the reactor was sealed. The air inside the reactor was evacuated by a vacuum pump. The reactor was heated by an electrical furnace to the desired temperature at an average heating rate of 20°C/min. The vapors produced during the pyrolysis were evacuated from the reactor and condensed by cooling water. The uncondensed vapors were condensed further by four cold traps with water-ice-sodium chloride. The non-condensable gases were pumped out and samples were collected for off-line gas chromatography (GC) analysis. The residual left in the reactor was char, which was used as carbon black. The pressure of the pyrolysis unit was controlled by the vacuum relay and electromagnetic valve. When the pyrolysis process was finished, the heating system was stopped and the state of high vacuum in the reactor was maintained to avoid any oxidation during the cooling process. The weight of liquid and residual was measured.
Analysis
Gas samples were collected by vacuum plastic bags, and the composition was determined by GC with thermal conductivity detector (TCD) and flame ionization detector (FID). The content of CH 4 , C 2 H 4 and C 2 H 6 were analyzed by GC9800 Apparatus (Shanghai Kechuang Company, China) with flame ionization detector, Porapak-Q (3 m Â 1/8 0 ) column and nitrogen as carrier gas. The H 2 , N 2 , O 2 , CO, CO 2 and CH 4 contents were analyzed by another GC9800 Apparatus with a thermal conductivity detector, TDX-01 (3 m Â 3 mm) column, and helium as carrier gas. The content of H 2 S was detected by fast toxic gas detecting tubes. The pyrolysis oils were distilled under atmospheric pressure up to a temperature of 205°C to separate the naphtha fraction from the pyrolytic oil. Qualitative and quantitative analysis of the pyrolytic naphtha were performed by GC and GC-MS (gas chromatography-mass spectrometry, SHIMADZU GC-MS-QP5050A) equipped with a DB-1 pack column (30 m Â 0.2 mm Â 0.2 lm quartz capillary column). The carrier gas was He with 99.995% purity, and the vaporization temperature was 280°C. The column temperature increased from room temperature to 260°C at a rate of 10°C/min. The ion trap detector had a mass range of 50-500 m/z with scan times of 1 s. The mass spectrometer ion source was 250°C with a 70 eV ionization potential.
Results and discussion
Distribution of pyrolysis products
The solid, liquid and gas yields obtained in the waste tire pyrolysis runs at 450-600°C are listed in Table 2 . The LHV (low heat value) of pyrolysis gas is also listed in Table  2 .
In the entire process, the pressure of the pyrolysis system was maintained at 3.5-4.0 kPa. At a temperature of 450°C, the yield of oil was rather low, and residue was about 50 wt%. With the increasing pyrolysis temperature, the yield of oil increased and the residue decreased, correspondingly. With the presence of NaOH, the oil yield was highest at a value of 49.7 wt% at 480°C. Subsequently, the oil yield decreased with increasing pyrolysis temperature. However, the yield of residue remained unchanged.
These results indicated that NaOH played an important role in the pyrolysis of waste tire rubber. It could lower the pyrolysis temperature to some extent. During the period of runs in the presence of NaOH, it was observed that some yellow liquids were collected in the first condenser at 420°C, which was 50-70°C lower than the temperature of liquid collected in runs with of Na 2 CO 3 or no additives. The reason perhaps was that NaOH can promote the rapid cracking of organic compound waste tire rubber into small molecular compounds, even at low temperatures.
The total yield of pyrolysis oil and gases should be approximately close to the value of volatile matter measured by the proximate and ultimate analysis of feedstock. However, the experimental data showed that the former was a little smaller than the latter. It indicated that a certain amount of char or coke-like carbonaceous materials was formed via secondary repolymerization reactions of the polymer-derived products in the process of pyrolysis.
3.2. Pyrolysis gas 3.2.1. H 2 S content in the pyrolytic gas
In the temperature rising procedure of pyrolysis runs, the sample of pyrolytic gas was extracted from the reactor to detect its varying concentration with increasing pyrolysis temperature. With the absence of additives, the variation of H 2 S concentration is shown in Fig. 2 . At the start of the pyrolysis experiment, the H 2 S concentration was about 2.68 mg/m 3 because the pyrolysis temperature was low. Table 3 Bond energy data about tire rubber Bond Bond energy (kJ mol However, its content increased gradually with increasing temperature to a maximal value of 33.48 mg/m 3 at 480°C. The data in Table 3 show that the energy of C-S is 276 kJ/mol, which is lower than the energy of S-S and C-C. It can be concluded that C-S was cracked prior to S-S and C-C to form a R-S Å radical when outside energy was supplied. The R-S Å radical would bind an H atom of hydrocarbon to form R-SH. Then another C-S bond was cracked to form the HS Å radical. Finally, H 2 S was produced. With respect to organic sulfur compound pyrolysis, similar formation mechanisms were also proposed by Attar (1978) . The boiling point of incondensable pyrolysis gas was below 100°C, which was far lower than that of the organic sulfur compound. Generally speaking, there was no other organic sulfur compound in the pyrolytic gas except for H 2 S and COS, and CS 2 .
Composition of pyrolysis gas
The pyrolysis gases were composed of H 2 , CO, CO 2 , CH 4 , C 2 H 4 , C 2 H 6 , CnHm(n P 3) and H 2 S. -No catalyst; --Na 2 CO 3 ;
--NaOH Fig. 3 . Gas composition vs. temperature.
As shown in Fig. 3 , as far as pyrolysis gas compositions were concerned, the addition of NaOH resulted in an obvious difference compared to the absence of additives. However, H 2 content increased steadily with increasing temperature, irrespective of the addition of additives. However, the addition of NaOH resulted in a remarkably increasing H 2 content.
LHV of pyrolysis gas
The low heating value of pyrolysis gases was determined by its composition. It was calculated by a predigest formula (Ma et al., 2003) as below
Qv-low heating value; MJ=m 3 :
The calculating data are listed in Table 2 . The low heating value of pyrolysis gas was in the range of 15-30 MJ/m 3 , which was higher than that of gases from biomass pyrolysis, but lower than that of natural gas. It could thus be used as combustible gas.
Pyrolytic oil
The content of naphtha in the pyrolytic oil produced at different pyrolysis conditions is shown in Fig. 4 . The content of naphtha decreased with increasing pyrolysis temperature. Detailed data are presented in Table 4 . It is possible that the residence time that the volatile vapors were kept in the pilot-scale kiln reactor was longer than in other studies, so the secondary thermal cracking rea ction of volatile vapors occurred with increasing temperature, in which small molecular compounds could be formed. However, under vacuum pyrolysis conditions, volatile vapors were evacuated from the pyrolysis reactor by a vacuum pump, which prevented the secondary cracking of volatile vapors. Thus, the condensed pyrolysis oil was mainly composed of compounds with a high boiling point, and the content of naphtha in pyrolytic oil was small. At low pyrolysis temperatures, the oil was mainly composed of small molecule compounds with low boiling points. As a result, the content of naphtha in pyrolytic oil was higher, but the yield of pyrolytic oil was very low and thus the total yield of naphtha would be rather low -a factor which should be considered. The data in Table 4 also indicate that the content of naphtha in the pyrolysis oil obtained under vacuum conditions was lower than that obtained under atmospheric pressure. The reason is that the residence time of volatile vapors in the pyrolysis reactor was very short and most organic molecules could not be decomposed into small molecule compounds before they were evacuated from the reactor by the vacuum pump. Of course, we should note that the different characteristics of feedstock also contributed to the different contents of naphtha in the pyrolytic oil. Fig. 4 also shows that naphtha content had a slight increase in the presence of Na 2 CO 3 , which suggests that in the presence of Na 2 CO 3 , the tire rubber was easily decomposed for the smaller molecules. Namely, the addition of basic additives was useful to improve some characteristics of pyrolysis oil.
The liquid products derived from waste tires pyrolysis were complex mixtures. GC/MS analyses were performed on the pyrolytic naphtha obtained at different pyrolysis conditions. The objective of this process was to obtain an idea of the nature and type of compounds of the pyrolytic naphtha and establish possible methods for treatment and utilization. The gas chromatograms of the pyrolytic naphtha obtained at 500°C are shown in Fig. 5 . The pyrolytic naphtha chromatograms obtained under other conditions were similar. Peak identification was performed using the NIST workstation. The results listed in Table 5 represent 
the content of each compound in naphtha multiplied by the content of naphtha in pyrolytic oil. It can be seen that the composition of pyrolytic naphtha obtained under different conditions were different; however, all contained large amounts of benzene derivatives, limonene, and other cycloalkenes.
The compound with the highest content, indicated in Table 5 , was limonene, which can be used as an industrial solvent, a dispersant for pigments, and a feedstock for the production of fragrances and flavorings (Pakdel et al., 2001) . It has high economic value and extensive applications, so the market demand for limonene has increased rapidly (Pakdel et al., 2001 ).
The content of limonene was sensitive to pyrolysis temperature and pressure. At a pressure of 3.5-4.0 kPa, the content of limonene decreased from 11.97 to 4.72 wt% when pyrolysis temperature increased from 450°C to 550°C. At a pyrolysis temperature of 500°C, the content of limonene in the pyrolysis oil decreased from 11.73 to 7.8 wt% when the pyrolysis pressure increased from 3.5 to 10 kPa. These results were also reported by other researchers; detailed data are listed in Table 6 . The content of limonene was as high as 21.07 wt% at a pyrolysis temperature of 300°C, but pyrolysis oil yield was low, only 4.8 wt% (Laresgoiti et al., 2004) , so the total yield of limonene was rather low, about 1.01 wt%. Under similar pyrolysis conditions, the content of limonene would increase when the basic additives were added.
Generally, the natural rubber (polyisoprene) in the tire rubber was the main source of limonene. Because polymer-radicals have a tendency to form hexahydric ring compounds (Tamura et al., 1983) , natural rubber could form limonene directly by the scission of polymer chains. Many researchers have indicated that the pyrolysis of isoprene generates two main products (monomer isopentene and dimer limonene). The formation of limonene via pyrolysis of isoprene is shown in Fig. 6 . The limonene could be formed by intramolecular cyclation of oleminic chain during pyrolysis, or formed from isoprene monomers via a Diels-Alder reaction, which has been suggested by most researchers. Williams and Brindle (2003) suggested that the range of 380-420°C was the optimum temperature to form limonene. Pakdel et al. (2001) examined limonene produced in the 295-450°C range, and 404°C was determined to be the optimum pyrolysis temperature to produce limonene. At higher temperatures, limonene was not stable and was decomposed or transformed into aromatic compounds via a dehydrogenation or recombination reaction. The mechanism of secondary cracking of limonene is shown in Fig. 7 . The source of BTX and other benzene derivatives detected in the pyrolytic naphtha may be the result of a secondary limonene reaction.
Compared with data in Table 6 , the content of limonene in the vacuum pyrolysis oils was higher than that in the pyrolysis oil under atmospheric pyrolysis conditions. The compositions of the waste tire rubber influenced the limonene yield. However, the vacuum pyrolysis condition was another key factor. Under vacuum pyrolysis conditions, the residence time of volatile vapor inside the reactor was short and the limonene formed in the first pyrolysis stage was extracted and cooled rapidly, which reduced the incidence of dehydrogenation or reverse Diels-Alder reactions of limonene vapors. When the pyrolysis pressure was lower, the volatile vapors were pumped from the reactor rapidly. Hence, the content of limonene in pyrolytic oil was higher. As shown in Table 6 , the content of limonene in the pyrolytic oil decreased from 11.73 to 7.80 wt% when the pyrolysis pressure varied from 3.5 to10 kPa.
The decomposition of 3-polybutadiene rubber (BR) was mainly due to the cracking of chains with unsaturated bonds. Monomeric butadiene and 4-vinyl-cyclohexene were the main pyrolysis products. The mechanism of decomposition of 3-polybutadiene rubber is shown in Fig. 8 . The 4-vinyl-cyclohexene detected in the pyrolytic naphtha was formed by path b.
Pyrolytic carbon black
The pyrolysis residue was char, used as carbon black, namely pyrolytic carbon black (CBp). CBp was one of the main products, which was composed of reinforcing carbon black used as filler in tire production, and other inorganic compounds formed during the pyrolytic process (Helleur et al., 2001) . The grade of pyrolytic carbon black is the most important determinant of the economic value of waste tire pyrolysis processes. Many different methods such as SIMS, ESCA, Auger-spectroscopy, IGC and XPS have been used to investigate the characteristics of CBp to develop CBp utilization (Roy et al., , 1997 Helleur et al., 2001) .
Results of elemental analysis of CBp derived from different pyrolysis processes are shown in Table 7 . It was already known that the H/C ratio of CBp obtained under vacuum conditions was lower than that obtained under atmospheric conditions. Compared with the vacuum pyrolytic process, the residence time of atmospheric pyrolysis vapors in the reactor was longer. Some of the organic vapors were converted into coke by dealkylation and dehydrogenation or absorbed on the surface of char. The data in Table 7 indicate that ash content in the CBp obtained under vacuum or atmospheric condition was rather high compared to commercial carbon black, which was below 0.5 wt% ash content. It is a challenge to eliminate the negative impacts of high ash content.
The BET surface area of the CBp was 67.96 m 2 /g. This was in the middle of the surface areas of commercial carbon blacks of the N550 and N600 series, which were approximately 45 and 90 m 2 /g, respectively. The advantages of CBp derived from vacuum conditions were that carbonaceous deposits and remnant organic compounds on the surface of CBp were lower than those derived from the atmospheric pyrolysis process. Consequently, the amount of active sites on the surface of vacuum pyrolysis carbon black covered with carbonaceous and remnant organic compounds are reduced. It is propitious to prepare activated carbon by CO 2 or steam activation of CBp. To explain this, three groups of data about the relative area fraction of C 1 s peaks were cited in the literature ( Roy et al., 1997 Roy et al., , 1999 and are shown in Table 8 . C 0 is graphite-like carbon, and the C 1 peak is assigned to carbon atoms in small aromatic compounds. These are part of the carbonaceous deposits formed by condensation and dealkylation reactions of hydrocarbons formed during the pyrolysis process and are adsorbed on the carbon black surface. The C 2 , C 3 and C 4 peaks represent the carbon atoms with bonds to oxygen for C-OH, C@O, -COOH, respectively. C 5 was the plasmon peak, which originates as the C 0 peak, from aromatic, graphite-like regions. It could be concluded that the surface chemistry of the commercial carbon blacks was mainly graphite-like, whereas on the CBp surface, abundant carbonaceous deposits were present. In the CBp obtained under atmospheric pressure, 45.4% of the surface was covered by carbonaceous deposits and remnant organic compounds. The characteristics of CBp obtained under vacuum conditions were closer to the commercial carbon black, N660.
Conclusion
Waste tire granules were pyrolyzed in the fixed-bed reactor under vacuum conditions. The experimental results indicated that NaOH could lower pyrolysis temperatures remarkably and the oil yield could be as high as 49.7 wt% at 480°C. However, the addition of Na 2 CO 3 did not promote the pyrolysis reaction. Under vacuum pyrolysis conditions, limonene, the main component in pyrolytic naphtha, was greater than that in other atmospheric pyrolysis processes. At the same temperature, limonene content showed a slight increase when NaOH and Na 2 CO 3 were added. The maximal content of dl-limonene in pyrolytic oil was 12.39 wt%. The gas products were mainly composed of H 2 , CO, CH 4 , CO 2 , C 2 H 4 , C 2 H 6 , and C n H m (n P 3). Its low heating value was in the range of 15-30 MJ/m 3 and it could be burnt to supply energy for tire pyrolysis. CBp was also one of the main pyrolysis products. Carbonaceous deposits and remnant organic compounds on the surface of CBp derived from vacuum conditions were lower than those generated in an atmospheric pyrolysis process. This is an advantage for subsequent processing and applications. 500 82.6 0.7 0.7 2.5 11.5 0.103 Table 8 Relative area fraction of C 1s peaks in different carbon blacks
Carbon black Area of the C 1s peak (%) 
